CO mortality ofdeep-seafish under highpressure Individuals of C. trachysoma were collected from a deep-seawater intake facility in Toyama Prefecture, Japan from the depth of 384 m. The fish were kept for several days in a concrete tank by the facility, before they were transported to Table 1 shows cumulative mortality of C. trachysoma during exposure to seawater equilibrated with gas mixtures containing 10,000-50,000 gatm PCO2 in air. At 30,000 gatm PCO2 conditions, all fish died within 48 h. This is in sharp contrast to our previous results on shallow-water species (Mustelus manazo, Paralichthys olivaceus and Seriola quinqueradiata) in that no mortality occurred by the end of 72 h exposure. In these shallow-water fishes, mortality occurred only at 50,000 and 70,000 atmn for the two bony fish (P. olivaceus and S. quinqueradiata) and the dogfish (M. manazo), respectively [4] . Even at 20,000 gatm CO2 conditions, one C. trachysoma died within 72 h, and the surviving individuals lost equilibrium and Therefore, 20,000 gatm CO2 conditions could also have fatal Right: The chamber was placed in a cold room and 2°C effects on C. trachysoma if exposure prolonged.
seawater was recirculated through the chamber using a high Respiratory frequency decreased from 31.6 ± 5.2 breaths pressure pump (not shown). The seawater was equilibrated min-' during control conditions to 18.7 ± 5.0 at 3 h and then with C02 gas mixtures under the atmospheric pressure.
gradually increased to 27.0 (N= 2) at 72 h. Shallow-water fish increase ventilatory volume mainly through increases in respiratory amplitude with moderate increases in frequency [5] . The observed transient decrease in respiratory frequency in C. trachysoma is in contrast to these earlier observations.
Oxygen consumption of C. trachysoma, 6 MPa conditions. Seawater oxygen saturation during CO2 exposure remained above 80% throughout.
IV. DISCUSSION
Aquatic animals are in general more susceptible to increases in ambient CO2 levels than terrestrial animals, because of their lower body fluid PCO2 [6] . Thus, even small elevations in water CO2 may adversely affect physiological functions of these animals. Even though effects of CO2 may largely be attributable to disturbance of body fluid pH of exposed animals, high CO2 have stronger impacts on them than seawater acidification due to a higher permeability of CO2 than H added to water [7] . Therefore, investigations assessing CO2 sequestration must use C02-enriched sea water rather than adding nonvolatile acids to the medium.
At the low temperatures prevailing at the great depths where CO2 ocean sequestration is considered, CO2 would have severe effects on marine animals. We exposed a eurythermal fish Paralichthyes olivaceus to 30,000 gatm PCO2 at 5 and 20°C, and found higher mortality at the lower temperature. Thus low temperature itself could have negative effects on CO2 tolerance of fish. Additionally, most deep-sea fish are taxonomically distinct from shallow-water species, and they are supposedly less tolerant to environmental perturbations. The present data on C. trachysoma, support this contention: fish died at a lower CO2 level than found for shallow-water species, although this needs to be verified using more species. In particular, we need to gain knowledge about CO2 susceptibility of pelagic deep-sea fish, since the ocean CO2 sequestration by a moving ship method would release CO2 into mid-layers of the ocean and thereby would affect pelagic organisms. C. trachysoma is a demersal fish, living near or at the sea floor. However, we have so far succeeded in obtaining only demersal species in live conditions from the depths, and pelagic species have been only obtained moribund or dead. The present results suggested negative impact of high pressure on CO2 tolerance of a deep-sea fish. Under the atmospheric conditions, only 1 out of 6 fish died in 72 h at 20,000 gatm conditions, whereas the fish exposed to the same PCO2 under 10 MPa died in only 13 h in 2006, and within 48 h in 2007. However, the results must be viewed with caution because of the following points. First, the number of fish used was low as stated above. Second, the fish were collected from the depth of ca. 400 m, reared under the atmospheric pressure for the total of a week or longer, pressurized in 12 h to 10 MPa before exposed to high CO2. Although all control fish survived, the fish still might have been under some stress before being exposed to high CO2.
In situ deep-sea CO2 exposure experiments [8, 9] are certainly another highly valuable and informative approach to the issue. With this approach, deep-sea fish and other fauna can be exposed to hypercapnia under in situ conditions of low temperature and high pressure, even though it requires specialized equipments and a submersible.
The CO2 susceptibility of deep-sea fishes may be estimated indirectly by using some morphological characteristics that correlate with CO2 susceptibility. Our recent results suggest that chloride cell activity is stimulated by hypercapnia (unpublished [10] ). Further, exceptionally CO2-tolerant larval fish had a high density of chloride cells (unpublished [11] ). Thus, if interspecific correlation between chloride cell morphometry and CO2-susceptility is established, then it may be possible to estimate the CO2 susceptibility of deep-sea fishes without having live materials for experimental evaluation.
Finally, it should be noted that animals would be subjected to fluctuating PCO2 when CO2 droplets are released from the lower end of a pipe used for CO2 ocean sequestration [3] . Our recent study indicated that mortality differed considerably when fish is exposed to unsteady levels of environmental CO2 conditions, as compared with data obtained using steady CO2 protocols [12] . This should also be included in experimental protocols to assess the effects of CO2 under realistic conditions of CO2 ocean sequestration.
We must certainly understand not only acute effects of CO2 on deep-sea fish but also long-term impacts on them to evaluate environmental consequence of CO2 ocean sequestration, although this is a more difficult task to fulfill. Reference [13] have developed an experimental system more than 10 years ago that allowed long-term experiments under high pressures for aquatic animals, and reported the oxygen consumption ofAnguilla anguilla over a period of 31 days. Using such systems for deep-sea fish experiments is certainly a possibility for assessing the effects of chronic CO2 under high pressures, although measurable physiological parameters in these systems are limited. Again, in situ deep-sea CO2 exposure [8, 9] ) may be a useful method for evaluating long-term CO2 effects.
